Abstract: We studied wear resistance in sliding by multiple scratching along the same groove for a variety of thermoplastics: polystyrene, styrene-acrylonitrile, polyamide 6 and polysulfone. Constant-load experiments were carried out with a micro scratch tester for several loads between 2.5 and 15 N; each time 15 scratches were performed. Except for polystyrene, all materials show an asymptotic residual depth as a function of the number of scratch tests performed. In contrast to other materials, polystyrene exhibits brittleness and debris formation. Scanning electron microscopy and scanning probe microscopy were used to characterize the deformation and wear mechanisms and were connected to the wear data obtained by multiple scratching. At 15 N we found a viscoelastic recovery for polystyrene of 27.8% while for polyamide 6 the corresponding value is 80.2%.
Introduction
As argued eloquently by Rabinowicz [1] , wear of materials is important not only for technology but also for the economic well being of industry. As discussed before [2-4], polymer tribology needs to develop considerably to help the process ongoing in several industries of replacement of metal parts by polymeric ones.
Scratchability and wear are problems that for metals can be solved by external lubrication. However, in polymers strong interactions with the lubricant are possible, resulting in some cases in swelling. Thus, application of lubricants is here a much more complex problem -approached by some of us [5] and also a subject of later papers in this series.
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We investigate friction [2] as well as scratching [6] . Sliding wear can be well determined by multiple scratching [7] . Our discovery of strain hardening in multiple scratching [7] deserves a further elucidation. In this paper we investigate whether strain hardening discovered in ref. [7] for three polymers appears also in other classes of polymeric materials.
Experimental part

Materials
Polystyrene (PS) and polyamide 6 (PA6) used were supplied by Aldrich Chemicals Company. Styrene-acrylonitrile (SAN, Luran 
Sample preparation
PS and SAN samples were obtained by pressing the powders at 22 MPa while heating them. PA6 [10] , PES [11] and PSU were prepared as previously described.
Multiple scratch testing
The tests were carried out using a Micro-Scratch Tester (MST). The procedure used was described in detail in earlier papers [6, 7] . 
Scanning electron microscopy (SEM)
JEOL JSM T-300 and Hitachi 3500-N scanning electron microscopes were used. The samples were sputter-coated with a thin layer of gold in order to make them conductive with the aid of a SC7640 Sputter Coater from Polaron.
Scanning probe microscopy (SPM)
A Quesant Instrument Corporation (Q-Scope 250) scanning probe microscope in contact mode operation (atomic force microscopy, AFM) was used to investigate the topography of the tracks.
Single scratch results
To understand the singular behaviour of polystyrene, consider the evidence from scanning electron microscopy. SEM images in Fig. 2 show the damage surfaces of PS as a function of the normal applied load after a single scratch. At 2.5 N a crazing mechanism is noted (Fig. 2a) . The crazing phenomenon, the underlying molecular mechanisms and connections to entanglements were thoroughly discussed by Donald [12] . She points out that crazing appears in glassy (amorphous) polymers rather than in semicrystalline ones. Donald also says "that those polymers which undergo crazing are likely to be brittle, while those which have alternative modes of deformation available to them are likely to be tough". Given the results seen in Fig. 2c , we provide a close-up view of PS under the load of 15 N in Fig. 3 . We see here individual pieces of debris and several cracks. We 3 observe that none of the cracks proceeds along a straight line. Of course, cracking in tribological tests has been observed before [13, 14] . 
Multiple scratching results
Tab. 1 reports the values of penetration depth R p , residual depth R h and viscoelastic recovery (healing) ϕ obtained for all the materials tested as a function of the normal load applied after 15 scratches. The residual (healing, recovery) has been calculated as defined in ref. [6] , but now using the symbol ϕ, namely
The residual (healing) depth R h is a useful measure of scratch resistance. For perspicuity let us focus on the results for the highest load applied of 15 N. We see in Tab. 1 that polystyrene has the poorest scratch resistance by far.
The recovery ϕ as defined by Eq. (1) provides a different kind of information than the penetration depth R p or the recovery (healing) depth R h . Instructive here is the comparison of PS with PA6 results in Tab. 1. At 15 N force polystyrene has the original penetration depth R p ≈ 110.8 µm while PA6 has 152.6 µm. If one would assume that the penetration depth is a measure of scratch resistance, one would conclude that the polyamide is a much worse material than polystyrene. However, the recovery of PS calculated from Eq. (1) is only 27.8% while that of PA6 is 80.2%. The residual depth in PA6 is only 38% of that in PS. All other materials investigated have significantly higher viscoelastic recovery than polystyrene -the worst material among those investigated.
We now consider dependence of the residual depth R h on the number of scratches. Fig. 4 shows R h as a function of the number of scratches under the constant load of 4 5 N. As can be observed, after a certain number of scratches the residual depth reaches an asymptotic value -except for PS. These results are in agreement with the behaviour discovered for other polymers before [7] . In the case of PS an increment in the residual depth has been observed after 8 scratches. Given the results for polystyrene in Fig. 4 , in Fig. 5 we show the SEM images for PS after 1, 8 and 15 (a -c) scratches, and the corresponding AFM profiles (d -f). After one scratch a slight crazing inside the track takes place. After 8 scratches growing cracking and debris formation is observed. Finally, after 15 scratches a severe surface damage is present. We recall the results of Arnold [15] and a discussion of crazing in PS by Robertson and Kim [16] . Aging also affects PS in a negative way. Apparently once crazes form in PS because of aging, they break down sooner, leading to earlier ultimate failure. To appreciate the difference between PS and all other polymers, in Fig. 6 we show SEM graphs for three other polymers after 15 scratches at 10 N. PA6 exhibits very soft deformation, much different from PS. SAN in Fig. 6a and PES in Fig. 6b exhibit crazing but not high debris formation visible in Fig. 2c for PS under the same load.
Given good scratching results for polyamide 6, we show in Fig. 7 SEM images of PA6 after 15 scratches at three different loads. In accordance with the statement of Donald quoted above, polyamide 6 exhibits tough behaviour, quite different from that of brittle polystyrene.
General discussion
In ref. [7] we have found that multiple scratching leads to an asymptote in the diagram of residual depth as a function of the number of scratches. This has been found for Teflon, for polypropylene, and a polyester. The present results confirm the existence of the same phenomenon for a variety of polymers with a variety of molecular structures. The notable exception is polystyrene, and reasons for its behaviour have been explained in terms of its brittleness as manifested in SEM results.
In the beginning of this article we have argued that increasing use of polymer-based materials by a variety of industries requires an accelerated growth of polymer tribology. We clearly need to use an arsenal of techniques. In addition to strictly tribological methods (friction, scratch testing) we have used SEM and AFM. In this context we would like to note a demonstration by Mc Guiggan and Yarusso [17] that AFM can provide a dynamic mechanical property [18, 19] , namely a loss tangent. This has been shown for an acrylic-based pressure-sensitive adhesive tape.
As presented in detail by Rabinowicz [1], tribology is much more advanced for metals than for polymers. The current status of polymer tribology has been reviewed in ref. [20] . In a series of papers, Soifer, Verdyan and co-workers have shown how AFM and nanoindentation provide information on surface topology, nanohardness and Young's modulus for metals [21] , alkali halides [22] [23] [24] and thin films of a superconductor [25] . Clearly these techniques deserve a wider use than they have now for polymer-based materials also.
Since test velocity affects the scratching results, that issue is dealt with in the following paper [8] . Another issue is the effect of lubricants on scratching and wear; we shall deal with that problem in a subsequent paper [26] . 
